Mechanisms of bimolecular chemical reactions in solution are amenable to study on picosecond timescales, both by transient absorption spectroscopy and by computer simulation. The dynamics of exothermic reactions of CN radicals, and of Cl and F atoms with organic solutes in commonly used solvents are contrasted with the corresponding dynamics in the gas phase. Many characteristics of the gas-phase reaction dynamics persist in solution, such as efficient energy release to specific vibrational modes of the products. However, additional complexities associated with the presence of the solvent are open to investigation. These features of liquid-phase reactions include the role of solvent-solute complexes, solvent caging, coupling of the product motions to the solvent bath, thermalization of internally excited reaction products, incipient hydrogen bond formation, and involvement of charge-separated states that arise from proton transfer.
in solution therefore appears to present few opportunities for penetrating insights when compared with experimental studies of collision dynamics in the gas phase. Molecular beam and laser spectroscopy techniques, for example, provide highly controlled singlecollision conditions under which many reaction mechanisms have been stripped down to provide quantitative understanding of all aspects of the gas-phase chemical dynamics (4) (5) (6) .
This review seeks to demonstrate that, with recent progress, comparable dynamical information can now be deduced for bimolecular reactions in solution.
A simple starting point to picture the mechanism of a bimolecular reaction in solution considers diffusive approach of reagents to form an encounter pair, followed by a reactive step (7) . In the scheme of reactions (1), (-1) and (2), a radical A· interacts with a molecule B,
[AB·] is the encounter pair, and rate coefficients for each step are denoted by k:
The overall reaction rate may be controlled by activation to surmount an energy barrier, or in the absence of any significant barrier, may be limited by the rate of diffusive encounter of the reactants. Exothermic reactions with low barriers present an opportunity to study the effect of the solvent on the mechanism of reactive step (2) because the dynamics may be sufficiently fast to outstrip coupling of the excess energy into solvent modes. Under these circumstances, transient spectroscopy of the reaction products can observe the deposition of the energy released by the reaction to the internal degrees of freedom of the products and the subsequent flow of this energy to the solvent bath (8; 9) . Information on solvent modifications to the reaction mechanism then derives from comparison with the corresponding chemical dynamics under single-collision conditions in the gas phase, and with computer simulations of the reaction dynamics (10) .
This article reviews recent progress with this strategy for study of bimolecular reactions in solution. Initiation by photodissociating a precursor molecule, using an actinic laser pulse, generates a reactive radical species that promptly forms the encounter pair [AB·]. The photodissociation step must be a fast (sub-picosecond) source of these labile radicals to ensure the observed kinetics are determined by the bimolecular reaction of interest, but this review does not consider in detail the extensive body of prior work on photodissociation and recombination dynamics in solution (3; 11) . Instead, the emphasis is on chemical reaction dynamics of neutral species on the ground electronic potential energy surface (PES), mimicking in solution many comprehensive investigations of the dynamics of gas-phase bimolecular reactions. Although the systems chosen for review involve uncharged species, the same principles might apply to important classes of ionic reactions, such as nucleophilic substitution (S N 1 and S N 2) mechanisms (12) (13) (14) (15) (16) . Moreover, polar solvent stabilization of charge-separated states might promote a switch from initially neutral reagents to ionic reaction pathways.
The chosen method of spectroscopic monitoring must be sensitive to the internal energy content of the newly forming molecules. Transient infra-red absorption spectroscopy offers sub-picosecond time resolution, vibrational mode and state specificity, and reasonable sensitivity to low-concentration reaction products (17 successfully applied to the study of ultrafast dynamics of excited-state electron and proton transfer, and of isomerization reactions in solution, but these topics were the subject of recent reviews by Vauthey (19; 20) and are not considered further here. Complementary ultrafast dynamics experiments on bimolecular reactions in the gas phase are scarce because of the difficulty of overcoming the intervals between collisions in this more rarefied environment. Some progress has been made through the use of dimers and clusters at low temperatures in molecular beam expansions (21) . However, most gas-phase studies have concentrated on interpretation of asymptotic properties of kinetic and internal energy release, preferred directions of product scattering, and rotational or electronic angular momentum polarization to infer the forces acting at the transition state (TS) and in the post-TS regions of the PES (4) (5) (6) .
Consideration is first given to a number of processes specific to reactions in solution, before reviewing reaction classes that have been the subject of intensive recent study (22) . The solvent can stabilize or destabilize the TS relative to reactants or products, and therefore modify the height of any energy barrier to reaction and the reaction rate by, for example, dielectric effects. However, the focus here is on the dynamical features illustrated in Figure   1 : (i) the reactant precursor chosen for photolytic release of reactive free radicals; (ii) the competition between removal of these labile radicals by reaction and geminate recombination; (iii) the role of complexes between reactants and solvent molecules; (iv) the effects of confinement by a solvent shell; and (v) the competing timescales for chemical reaction, post-reaction equilibration of internally excited products, and reorientation and restructuring of the solvent shell to provide equilibrated solvation of the new reaction products. Some of these processes can be studied independently of the reactive events, using methods such as transient electronic or vibrational spectroscopy of a solute (3; 23), or THz spectroscopy of solvent-solute interactions (24) , which helps to unravel the interconnected dynamical processes occurring during a reactive encounter.
FROM PHOTO-INITIATION TO CHEMICAL REACTION
Studying chemical reaction mechanisms in solution on the femto to nanosecond timescales requires initiation at a very well-defined instant. One convenient approach is to photolyse a stable precursor molecule, present as a co-solute; homolytic bond cleavage liberates a reactive radical species, denoted by A· in reactions (1) and (2). The co-reactant B may be a second solute, or a solvent molecule. In the latter case, diffusion is unnecessary to form an encounter pair [AB·], but if B is a dilute co-solute, there may be some time delay associated with diffusion before the onset of reaction, which limits the ultimate time resolution of the experimental study of process (2). This section considers the steps in the process of photoinitiation of reaction, the intermediate species involved, and the timescales for various contributing dynamical processes that affect the experimental observations. The subsections broadly follow the processes illustrated in Figure 1 .
PHOTOLYTIC RADICAL SOURCES
The first requirement for an experimental study of radical reaction dynamics in solution is a precursor molecule that releases the required radical following absorption of ultraviolet or visible light. The precursor should be unreactive with any co-solutes and the solvent, which imposes some significant constraints, as discussed further below. Moreover, the photoexcited precursor should release the desired radical on a timescale that is short compared to the duration of the bimolecular reaction under study. Spectroscopic signatures of the photodissociation and radical formation are therefore desirable to observe the production and reactive consumption of the radical. Two types of spectroscopic transition have successfully been exploited, either a transition of the radical itself (typically an electronic excitation, e.g. the B ← X band of the CN radical (25)) or a charge-transfer band between the radical and the solvent. A white-light continuum (WLC), produced by focusing the fundamental output from an amplified Titanium-Sapphire laser into a material such as CaF 2 , is a convenient broadband source for transient electronic absorption spectroscopy (26; 27) .
WLCs typically span wavelengths from the near infra-red to the near UV (λ≥320 nm), although shorter wavelengths can be generated.
Some solvents are photochemically active at UV wavelengths typically chosen for radical formation and produce complexes or isomers that contribute transient absorption bands in the UV and visible spectral regions. For example, several halogenated solvents are known to release a halogen atom photochemically and to undergo geminate recombination to either the parent molecule or a higher energy isomeric form (28) (29) (30) (31) (32) (33) (34) , as illustrated here by CCl 4 :
The Cl atom can be observed via a charge-transfer band in which UV absorption at wavelengths around 330 nm excites an electron from the solvent to the Cl atom. The iso-Cl- It has a strong, broad absorption band spanning much of the visible region, and this band grows in as the charge transfer band associated with liberated Cl atoms decays (31) .
The radical species created by the homolytic bond fission can be internally excited in electronic, vibrational or rotational degrees of freedom. An extreme example is the very high rotational excitation of CN radicals from UV photolysis of ICN (35; 36) . These rotationally hot radicals perturb the surrounding solvent shell and take a few picoseconds to lose their excess rotational energy and equilibrate with the solvent. Newly formed radicals will thermalize through interaction with the surrounding solvent and may form complexes that are bound with respect to an isolated radical and solvent molecule by more than the average thermal energy (37) (38) (39) (40) (41) . These complexes, instead of the isolated radical, may be the species involved in many radical reactions in solution, and are discussed further in section 2.3 SOLVENT-SOLUTE COMPLEXES.
Numerous photodissociation processes have been studied in solution, and several precursor molecules identified as well-suited for release of radicals for subsequent bimolecular reactions. The first such precursor proposed was UV photolysis of ICN to release CN radicals (42) , and the dissociation dynamics of ICN have since been extensively studied in a range of solvents (25; 35; 43-47) . Similarly, UV photolysis of alkyl iodides such as CH 3 I will produce alkyl radicals, although these have yet to be used in reactive studies. Photolysis of dissolved Instead, UV photolysis of XeF 2 (52) has proved to be a practical source of F atoms. However, XeF 2 is a powerful fluorinating agent (53) , which severely restricts the choices of solvents and co-solutes used that can be used in F-atom reaction dynamics studies.
Given the small number of species in the foregoing survey, there is a clear need to extend the range of photolytic radical sources for further experiments of the type reviewed here.
For example, convenient precursors and spectroscopic signatures are desirable for OH radicals, O atoms and ionic species to complement investigations of their gas-phase reactions.
REACTION VERSUS RECOMBINATION
Selection of a radical precursor must take into account the consequences of competition between the reactive removal process of interest and radical loss by geminate (3) and (4).
In many cases, the geminate recombination can be observed experimentally alongside reactive pathways. Continuing with the example of ICN, UV photolysis in an organic solvent reduces the IR absorption on the C-N stretching mode of ICN at 2176 cm -1 . This "bleach" of the ICN absorption band partially recovers on a picosecond timescale because of CN + I geminate recombination, and a second band assigned to the INC isomer develops at 2065 cm -1 (54; 55). These changes in IR absorption can be monitored simultaneously with the 2095 cm -1 C-N stretching mode of HCN.
SOLVENT-SOLUTE COMPLEXES
If a photolytically generated radical evades geminate recombination, it may react directly with the solvent or a co-solute molecule, or form a complex with a solvent molecule.
Complexes may range from weakly associating species, confined in close proximity by a solvent cage, to more strongly associated dimers that can diffuse as a pair through the solvent, albeit with the possibility of rapid exchange of solvent molecule partner.
Complexes of these types have been implicated in the chemistry of Cl atoms in chlorinated solvents (37-39; 49; 50) , Br atoms in bromoform (28; 30; 34) , and CN radicals in dichloromethane (40; 41; 54; 55) . A bridged complex of a CN radical with CH 2 Cl 2 , in which the radical coordinates to both an H and a Cl atom of a solvent molecule, was calculated to be bound by 1540 cm -1 (40) . This extra stabilization of a labile radical influences barrier heights and the dynamics of bimolecular reactions; therefore a CN may have to avoid, or escape from, the complex to react. Related effects have been carefully characterized in the gas phase, by spectroscopy of small molecular or ionic clusters (56; 57). For example, the energetics and dynamics of the S N 2 reaction of OHwith CH 3 I are profoundly changed by addition of one or two "solvent" water molecules to the OHanion (14) . (10), suggesting that much of the observed reactivity might be driven by uncomplexed, or weakly solvent-associated radicals.
SOLVENT CAGING AND CAGE ESCAPE
The solvent shell around a photo-excited precursor molecule promotes rapid thermalization of any kinetic energy released by the molecular dissociation. It can also confine the photo- 
TIMESCALES FOR CHEMICAL REACTION AND PRODUCT EQUILIBRATION
Once an encounter complex [AB·] has formed and has sufficient energy to surmount any activation barrier, reaction can occur on timescales as short as 100 fs. The chemical reaction itself is unlikely to limit the time resolution of the experiment; instead, diffusion may be the limiting factor. To observe dynamics with 1 ps time resolution or shorter, the co-reactant may need to be present at high concentrations, or be the solvent itself, to 
Cl-ATOM REACTIONS WITH ORGANIC SOLUTES
Reactions of chlorine atoms with organic molecules are well established as benchmark systems for study of the dynamics of reactions of polyatomic molecules in the gas phase (77; 78) . Under isolated reactive collision conditions, these reactions exemplify bond specific chemistry, vibrational-mode-specific dynamics, the effects of impact parameter on scattering, and how post-transition state complexes can influence product energy disposal (79) (80) (81) (82) (83) (84) (85) . In recent work on reactions of Cl atoms with alkenes, Suits and coworkers (86) (87) (88) and Preston et al. (89) examined competition between two pathways for HCl production, direct H-atom abstraction and reaction mediated by addition of a Cl atom to the C=C bond.
This latter pathway was shown to occur via large-amplitude Cl-atom dynamics that access a loose transition state connecting the addition complex with the direct abstraction path.
Hochstrasser's study of Cl atom reactions with cyclohexane was the first use of transient infra-red absorption spectroscopy to follow a bimolecular chemical reaction in solution on ps timescales (48) . Cl 2 dissolved in cyclohexane was photolysed by a short UV pulse, and IR pulses a few tens of picoseconds in duration observed the formation of HCl (or DCl from d 12cyclohexane) products. A rate coefficient was reported that was ~14 times slower than the corresponding reaction in the gas phase.
Cl-atoms can also be generated photolytically by absorption of two 267-nm photons by Progress in the study of F-atom reaction dynamics in liquids followed from the demonstration that 267-nm photolysis of dissolved XeF 2 serves as a prompt source of Fatoms (52) . However, the simulations recover the measured timescales without explicit inclusion of XeF (100), so perhaps this possibility can be discounted. The nuclear dynamics across the PES may also be constrained by the solvent cage, thus favouring a restricted subset of the geometries sampled in the gas phase reactions. between an anion and a neutral molecule in solution from that for the same reaction in the gas phase (12; 13; 15) . Comparisons can also be drawn between experimental measurements of the outcomes of bimolecular reactions in gases and in solution, and Table   1 summarizes the information available to date.
CONTRASTING DYNAMICS IN THE GAS AND LIQUID PHASES
The data presented in the table show a consistent trend: the solvent partially, but incompletely, quenches the nascent vibrational energy of reaction products. In the examples given, the vibrational excitation of the indicated product is approximately half that of the gas-phase reaction. Although mean collision energies generally differ in the two environments, the energy available to the products is dominated by the exothermicity of the reaction and so the comparisons should be instructive. Reactions of F atoms with hydrocarbons at the gas-liquid interface, shown in the bottom row of Table 1 , also result in lower product vibrational excitation than for the corresponding gas-phase reactions (97; 109) . However, the dynamical origins are different from those for reactions in bulk liquids. In the case of surface scattering, two mechanisms compete: direct reaction followed by prompt scattering back to the gas phase produces vibrationally hot products via dynamics very similar to the gas-phase reaction, whereas products trapped within the surface of the liquid thermalize before desorbing.
A recent perspective article (22) connected the observations from studies of CN radical reactions in solution with the models for solvent effects incorporated into Kramers (1; 104) and 106) theories of chemical reaction rates in solution. The CN reactions appear to be well described by a regime in which solvent collisions do not significantly impair motion along the reaction coordinate and through the TS. In the language of Kramers theory, this description corresponds to a low solvent friction regime.
Passage through the TS is faster than, or comparable to, solvent collision and reorientation times, and the solvent does not adjust to an equilibrated configuration on the timescale of the reaction. This analysis suggests a TS that is not optimally stabilized by solvent 2. The reactive radicals interact with the surrounding solvent and can form radicalsolvent complexes that influence the reaction mechanism.
FUTURE DEVELOPMENTS AND CONCLUSIONS
3. Exothermic reactions release some of their excess energy to internal motions of the reaction products, and time-resolved infrared absorption spectroscopy can follow this flow of energy into vibrational modes of the products and then to the solvent bath. Comparison between the degrees of vibrational excitation of newly born products of a reaction in the gas phase and in solution reveals how the solvent modifies the potential energy landscape for the reaction and the associated nuclear dynamics from the transition state to products.
A combination of experimental measurements and computational simulations of the dynamics distinguishes between solvent modification of the reaction mechanism and
coupling of the products of the reaction to the solvent bath modes.
Competition between radical loss pathways such as complexation or reaction with
the solvent, reaction with a co-solute, and geminate recombination and isomerization complicate the analysis of time-dependent spectral data, and broadband absorption measurements that observe multiple species are required to unravel the competing pathways.
6. Computer simulations using accurate potential energy functions and molecular mechanics modelling of the solvent can reproduce quantitatively many of the experimental observations, but require very careful treatment of the solute-solvent interactions to capture dynamical effects correctly.
7. There is considerable scope to extend the current studies to a wider range of solvents and reactive radicals, to explore effects of solvent temperature and viscosity systematically, and to examine reactions of ions. 
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